The type and magnitude of stress in electroless Ni-Cu-P deposits on Al were manipulated by controlling the concentration of saccharin in the plating solution. Tensile, zero, and compressive stress of the electroless Ni-Cu-P deposits was obtained with 0, 8, and 10 g/l saccharin for studying the effect of stress on the diffusion and crystallization behavior of the deposit. The effect of stress on the diffusion behavior of Cu, Ni, and Al elements during annealing was investigated. Interdiffusion between Al and Ni in an amorphous Ni-Cu-P/crystal Al diffusion couple is abated by the effects of amorphous structure, atomic affinity, and backstress. Therefore, the effect of stress on diffusion is manifested by Cu elemental diffusion. The tensile stress promotes the formation of Ni 3 P and the diffusion of Cu into the substrate.
I. INTRODUCTION
The electroless nickel (Ni) deposit has been successfully applied as a diffusion barrier in electronic packaging owing to its amorphous structure and the low reaction rate between Ni-and Sn-based solders. 1 The electroless Ni-Cu-P deposit was found to be superior to electroless Ni-P in properties like electrical conductivity, 2 magnetism, 3 thermal stability, 4 corrosion resistance, 5 and solderability. 6 Nevertheless, the practical application of electroless Ni-Cu-P deposits still encounters the problem of excess intrinsic tensile stress, 400-600 MPa/m for electroless Ni-Cu-P deposits in comparison to 10-40 MPa/m for electroless Ni-P. 7 In this present work, the huge stress of the Ni-Cu-P deposit resulted from nodule coalescence during growth, 8 as evidenced by the effect of stress on diffusion.
Intrinsic stress in electroless Ni-Cu-P deposits is affected by factors such as the substrate, the plating solution, the additives, and the plating temperature. The use of additives is one of the most noticeable ways to control intrinsic stress in a deposit. In the case of electroless Ni deposits, inorganic salts such as sulfate and chloride, 9 brighteners of the second class such as aldehydes, acetylene, and dyes with radicals of C-N or N ≡ N, 10 were mentioned as increasing tensile stress in deposits. In contrast, sulfamate and brighteners of the first class were reported to retard tensile stress. 10 Saccharin (C 7 H 5 NO 3 S) also has been reported to be effective in stress relaxation of electroless Ni-Cu-P deposits. 8 Intrinsic tensile stress in the deposit will cause peeling and cracking, and will accelerate stress corrosion. The effect of stress on diffusion is of interest in understanding the adhesion between a deposit and the substrate.
Diffusional creep (Naborro-Herring or Coble creep) and dislocation climb are classic examples of stress effects on diffusion. 11 This present work investigates diffusion behavior with respect to the different types of stress and attempts to determine the influence of internal stress on the elemental diffusion in Ni-Cu-P deposits on Al.
II. EXPERIMENTAL
One side of the 99.5% purity Al substrate, 50 × 25 × 0.1 mm, was deposited with 5 m of electroless NiCu-P for stress measurement. The opposite side of the Al substrate was coated with 5 m of negative photoresist film with a spin coater before electroless deposition. The Al substrate was consecutively degreased in 5 wt.% sodium hydroxide (NaOH), deoxidized in 10 vol% nitric acid (HNO 3 ), rinsed with deionized water, and zincated in a zincating solution composed of 120 g/l NaOH, 20 g/l zinc oxide (ZnO), 1 g/l sodium nitrate (NaNO 3 ), and 50 g/l sodium gluconate (CatC 4 H 4 KNaO 6 -4H 2 O). Thus prepared, the substrate was deposited in the Ni-Cu-P deposition solution at 90°C with stirring for 30 min. The plating solution consists of 15 g/l nickel sulfate (NiSO 4 -6H 2 O), 0.2 g/l copper sulfate (CuSO 4 -5H 2 O), 15 g/l sodium hypophosphite (NaH 2 PO 2 -H 2 O), 30 g/l sodium citrate (Na 3 C 6 H 5 O 7 · 2H 2 O), 40 g/l ammonium chloride (NH 4 Cl), and approximately 0-12 g/l saccharin (C 7 H 5 NO 3 S). Saccharin was added to control the internal stress of the deposit. The initial pH value of the bath was adjusted with ammonia to be 8.0. The specimens were aged at 150°C for up to 3000 h to investigate the effect of internal stress on elemental diffusion across the substrate deposit interface.
The magnitude of internal stress within the electroless Ni-Cu-P deposit was calculated by using the following equations:
where E s is the Young's modulus of the Al substrate, R is the ratio of the Young's modulus of the Ni-Cu-P deposit to that of the Al substrate, s is the Poisson ratio of the Al substrate, h s is the thickness of the Al substrate, h f is the thickness of the Ni-Cu-P deposit, r is the radius of the curvature, l is the length of the Al substrate, and L is the net change in bow-out. The Young's moduli of the Ni-Cu-P deposit and the Al substrate are 60 GPa 7 and 68.3 GPa, 14 respectively. The Poisson ratios of the NiCu-P deposit and the Al substrate are 0.3 and 0.34, respectively. 15 The influence of negative photoresist film on stress was ignored.
Scanning electron microscopy (SEM), atomic force microscopy (AFM), and a glancing incident x-ray diffractometry were applied for investigating the surface morphology and microstructure of the electroless NiCu-P deposits. The composition variation of nickel, copper, and phosphorus elements in the coatings was investigated by electron probe x-ray microanalysis (EPMA) and energy-dispersive spectrometry.
III. RESULTS

A. Before aging
Microstructure of the deposit
The results of energy-dispersive spectrometer analysis show that the composition of the deposit is 82(wt.%)Ni-6.2(wt.%)Cu-11.8(wt.%)P for the SEM investigation, as shown in Fig. 1 . The deposit exhibits nodular surface morphology, as seen in Fig. 1 . The thickness of the deposit is approximately 10 m. The deposits obtained with saccharin addition from 0 to 10 g/l are amorphous, as characterized by x-ray diffraction (XRD). Examples of the amorphous characteristics are to be presented in Sec. III. B. 4. Figure 2 shows the stress and microhardness of electroless Ni-Cu-P deposits with respect to saccharin concentration before aging. The deposit thickness is in the range of 4.9-5.8 m after 30 min of deposition. The addition of saccharin does not show an evident effect on the thickness value. Yet, the tensile stress per unit of deposit thickness decreases sharply when adding 2 g/l saccharin in solution. The deposit reaches zero stress at the addition of 8 g/l saccharin. The addition of saccharin at amounts above 8 g/l (i.e., 10 and 12 g/l) resulted in compressive stress. large nodules after 1000 h of aging. On the contrary, as seen in Figs. 3(c)-3(f), flat and compressive specimens seem to form some tiny bumps on the surface after annealing. Figure 4 shows the stress variation on aging of NiCu-P deposits obtained with various saccharin concentrations. Evidently, tensile stress in tensile specimens varies slightly up and down after annealing at 150°C and approaches to 150 MPa/m. Yet, the specimen with initial compressive stress develops greater compressive stress upon aging. The magnitude of compressive stress increases sharply from 10 to 80 MPa/m in the first 100 h of aging. Afterward, the compressive stress slightly increases up to 100 MPa/m for 1000 h of aging.
Properties of the deposit
Stress in the deposit
Diffusion analyses
The Ni-Cu-P/Al specimen consists of four elements. The deposit thickness is <10 m. It is difficult to accurately measure the absolute composition of these FIG. 3 . AFM morphology of Ni-Cu-P deposits obtained with 0 g/l saccharin (a) before aging and (b) after 1000 h of aging; with 8 g/l saccharin (c) before aging and (d) after 1000 h of aging; and with 10 g/l saccharin (e) before aging and (f) after 1000 h of aging.
elements. Accordingly, the diffusion behaviors of the constituent elements were investigated by EPMA elemental profile analysis to reveal the relative variation behavior of these elements. The metal elemental profiles were examined to reveal the diffusion behaviors. Figures 5-7 are, respectively, the EPMA cross-sectional elemental profiles of Ni, Al, and Cu for heat-aged electroless Ni-Cu-P deposits on Al. The electroless Ni-Cu-P deposits were obtained with 0, 8, and 10 g/l saccharin. The aging time varies from 0 to 3000 h. The slope of the elemental profile at the interface reveals the variation in the diffusion flux.
The elemental profiles of Ni (Fig. 5) and Al (Fig. 6 ) at the interfacial region remain generally unchanged upon heat treatment up to 3000 h, regardless of the amount of saccharin added. Whereas the interfacial elemental profile of Cu undergoes noticeable changes in only the tensile specimens (0 g/l saccharin), as shown in Fig. 7 . The slope of the Cu profile tends to level off at the interface for the tensile specimen, indicating the inward diffusion of Cu into the Al substrate. This behavior becomes prominent especially after 300 h of aging.
Crystallization behavior
The XRD patterns of Ni-Cu-P deposits before and after aging are shown in Figs. 8-10 . The crystallization of all specimens occurs after 100 h of annealing. The Ni 3 P and Cu-Ni peaks gradually appear. It is noticed that the relative intensity of Ni 3 P in the tensile specimen (Fig. 8) is stronger than in the compressive specimen (Figs. 9 and   10 ). In addition, the tensile specimen and the compressive specimens also form different compounds upon aging. Al 2 AlNi 3 is detected in the compressive specimen. The peak of Al 2 Cu appears after 100 h of annealing of the tensile specimen (Fig. 8) , while it disappears after 1000 h of annealing. AlNi 3 shows up at approximately 100-300 h of annealing and gradually disappears after long-term annealing, as seen in Figs. 9 and 10 .
IV. DISCUSSION
The XRD results (Figs. 8-10 ) indicate that saccharin does not change the amorphous character of the asdeposited Ni-Cu-P. The deposition rate was not changed by saccharin either, as the thickness remains roughly constant after 30 min, regardless of saccharin concentration (Fig. 2) . These observations eliminate the concerns on growth behavior, crystallinity, and deposit thickness when discussing diffusion behavior. 
A. Stress variation
The residual stress in electroless nickel plating was studied as early as 1971. 16 The existence of compressive stress in nickel-plated Al was attributed to the difference in the thermal coefficient of expansion between the substrate and the plating. The same reason may explain the compressive stress observed in Ni-Cu-P/Al for deposits obtained in the presence of 8-10 g/l saccharin. Nevertheless, the Ni-Cu-P deposit also may exhibit tensile stress in the absence of saccharin (Fig. 4) . Thus, the difference in the thermal coefficient of expansion may not be the only factor that determines the stress of the deposit.
A previous investigation 8 further ascribed the stress variation to the nodular structure (size) of the deposit. In the as-deposited plating, the change from tensile stress [ Fig. 3(a) However, it is likely that coalescence behavior occurs to a certain extent. It may not approach the unlimited coalescence of the nodule. Thus, a maximum stress was achieved upon aging for both the tensile and the compressive specimen.
B. Effect of stress on elemental diffusion
The elemental profiles presented in Figs. 5-7 are intended to show the effect of the initial stress of the deposited specimen on elemental diffusion behavior. The stress creates anisotropy in the material and increases the jump frequency of atoms. The elemental concentration profile, c, of a deposit after annealing is given by Fick's second law. 17 C͑x,t͒ = N ͌D͑P,T͒t
where x is the distance from the surface, P and T are pressure and temperature, respectively, t is time, and N is the number of tracer atoms. This expression denotes that the diffusion coefficient will be affected by pressure, the stress in a deposit. Thus, a stress field may affect the coefficient of diffusion, the diffusion flux, and the boundary condition of diffusion. 18 The effect of stress on diffusion has been reported for several elements, for example, for the diffusion of Ge in Al. 17 A phenomenological mechanism 19 proposed that the interstitial element tends to move toward expanded lattice sites, as induced by tensile stress. The stress even results in an "uphill diffusion effect" of hydrogen in palladium alloys. 19 Thus, it is of interest to investigate the effect of stress, induced in a deposited specimen, on the interdiffusion of the constituent elements of the specimen. The different diffusion behaviors have been found in the three coexisting elements, Al, Ni, and Cu. 20 Cu was found to diffuse more than Ni from the Ni-sublattice to the opposite site of the Al-sublattice. 20 This was attributed to the difference in affinity of Cu for Al and Ni. It is not easy to measure accurately the absolute concentration of the elements across the deposit-substrate interface. However, variation in the elemental profile, presented by EPMA line profiles, upon thermal aging can semiquantitatively delineate the diffusion behavior of the elements. The profiles of Ni (Fig. 5) and Al (Fig. 6) show that the concentration gradient profiles at the interface of the as-deposited specimen and the specimen aged for 3000 h have approximately the same slope. The variation of initial stress in the deposit, manipulated by 0 g/l (tensile stress), 8 g/l (zero stress), and 10 g/l (compressive stress) saccharin addition, generally does not induce an observable change in the gradient slope of the Ni and Al profiles. These observations indicate that Ni does not penetrate into the Al substrate, and that Al does not penetrate into the deposit upon aging at 150°C. D Al-in-Ni is greater than D Ni-in-Al in a Ni-Al diffusion couple. 21 As a result, Ni diffusion from the Ni-Cu-P deposit into the Al substrate does not occur during heat aging, as shown in Fig. 5 .
On the other hand, the Cu profile prominently changes upon aging at 150°C, as shown in Fig. 7 . The slope of the interfacial gradient does not show prominent change for the zero stress specimen (8 g/l saccharin) or for the compressive stress specimen (10 g/l saccharin). The penetration of Cu into the substrate became observable at 300 h of aging, and an extensive penetration took place after 3000 h of aging for the tensile stress specimen (0 g/l saccharin). It is evident that tensile stress enhances the diffusion flux better than does compressive stress. This result is ascribed to the earlier proposed mechanism 19 that expanded lattice sites promote the interstitial diffusion.
It has been reported 17 that stress does not impose influence on the diffusion behavior of amorphous metalmetalloid alloys. The as-deposited Ni-Cu-P is an amorphous structure (Fig. 8) . However, long-term heat treatment, after 100 h, converts the deposit into a crystalline system. The diffusion mechanism may thus change from the stated "cooperation diffusion mechanism" 17 to the "vacancy mechanism." Therefore, the effect of stress on the diffusion of Cu becomes quite prominent after 100 h, as seen in Fig. 7 for the tensile deposit specimen (0 g/l saccharin).
C. Effect of stress on compound formation
A comparison of the XRD curves of specimens aged for 100 and 300 h indicates differences in crystallization behavior and compound formation with regard to stress variation. The tensile stress, which favors the diffusion of elements, accelerates crystallization and compound formation. The tensile stress specimen shows a wellcrystallized curve at 100 h (Fig. 8) , whereas the compressive stress specimen just starts to crystallize at 100 h (Fig. 10) . The tensile stress specimen also exhibits greater intensity of Ni 3 P than does the zero stress specimen ( Fig. 9 ) and the compressive stress specimen (Fig. 10 ). These observations delineate the fact that the tensile stress could partially fulfill the activation energy needed for crystallization, and thus accelerate the crystallization and formation of Ni 3 P.
In addition to its effect on the crystallization of the deposit, tensile stress also enhances the formation of the Al 2 Cu compound, as revealed in Fig. 8 . This compound was not detected in the zero stress specimen (Fig. 9 ) and the compressive stress specimen (Fig. 10) . This result can be ascribed to the faster diffusion of Cu in the tensile stress specimen, as observed in Fig. 7 . The diffusion of Cu into Al promotes the formation of the Al 2 Cu compound upon heat treatment for between 100 and 500 h.
V. CONCLUSION
Cu is the predominant metallic diffusion element in the electroless Ni-Cu-P/Al specimen upon aging at 150°C. The diffusion flux of Cu across the interface into the substrate is greatly enhanced by tensile stress in the deposit. The deposit with zero stress exhibits essentially no diffusion flux upon aging. The tensile stress of the deposit also enhances the crystallization of the amorphous deposit and the formation of Ni 3 P and Al 2 Cu in the deposit upon aging.
